Effects of hydrostatic pressure on metabolic rates of six species of deep-sea gelatinous zooplankton
Abstract-This study addresses the effect of hydrostatic pressure on the metabolic rates of six species of deep-living (5 500-l ,500-m typical depths) gelatinous zooplankton (three chaetognaths, two hydromedusans, and one polychaete). Metabolic rates were measured at 5°C and the hydrostatic pressure equivalent to that at either 0-(0.10 1 MPa) or 1,000-m depth (10.1 MPa). 0, consumption rate vs. wet weight relationships at the two pressures were compared by ANCOVA for each species separately. Five of the species studied (the chaetognaths and medusans) showed no significant difference in slope or elevation in these relationships, indicating there was no significant effect of hydrostatic pressure on the metabolic rates of these species under the experimental conditions. The metabolic rate relationships of the sixth species, Poeobius meseres, were significantly different in slope, but the lines intersected within the weight range studied so the metabolic rates were not different overall. These data support the validity of measuring the metabolic rates of such species at surface pressures and indicate that metabolic rates of
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deeper living gelatinous species sitive to hydrostatic pressure.
are relatively insenTwo physical factors, temperature and hydrostatic pressure, have profoundly different values at greater depths in the ocean than at the surface. These factors can each have major effects on the functioning of deeper living species. The metabolic rates of epipelagic species are often stimulated by hydrostatic pressures greater than those which they normally encounter (George 198 1). However, studies on a variety of vertically migrating and deeper living pelagic species have indicated that temperature is usually the more critical factor and that these animals show little response of metabolic rates to pressures within the species' normal ranges (Teal 197 1; Smith and Teal 1973; Belman and Gordon 1979; Torres and Childress 1983) . In some cases, midwater species do seem to vary their activity and metabolic rates as a function of pressure (Teal 197 1; Childress 1977a; Mickel and Childress 1982) ; however, the effects do not appear to be typical of most species and are usually modest in magnitude. These previous studies of pressure effects on metabolic rates have been concerned with only three (fishes, crustaceans, and molluscs) of the many important groups of mid-water animals. Because these three groups are the most anatomically complex and highly visual of the many pelagic groups, there is an important question concerning the applicability of these previous results to other pelagic groups.
In recent years the importance of gelatinous taxa in pelagic communities has come to be appreciated. However, assessing their importance at greater depths has proven far from easy due to their fragility, which has rendered traditional capture methods ineffective. To our knowledge there have been only two studies addressing the metabolic rates of deeper living gelatinous species: Smith ( 1982) measured the O2 consumption rate of two individuals of a deep-living scyphomedusan at 1,200-m in situ, and there has been a study of the metabolic rate of a pelagic holothuroid from 2,000 m (Childress et al. 1989) . This tiny quantity of data concerns species that are not representative of the major deep-living gelatinous taxa and thus provides little basis for predicting the metabolic demands of the dominant deeper living gelatinous animals.
The question of how metabolic rates of deeper living species of gelatinous organisms compare to rates for similar shallow-living species is of particular interest. Deeper living pelagic fishes and crustaceans have been shown to have much lower metabolic rates than do shallower living species making their metabolic demands relative to their biomasses much lower at depth than at the surface (Childress 1975; Childress et al. 1990) . If deep-living gelatinous forms do not have disproportionately lower metabolic rates, their importance in terms of metabolic demand and carbon flux could be greater than has been supposed on the basis of biomass estimates. It has been suggested that the lower metabolic rates of the pelagic fishes and crustaceans reflect lower locomotor-y abilities in deeper living species and that this results from a decline in the importance of visual predator-prey interactions at greater depths (Childress and Mickel 1985) . One prediction resulting from this hypothesis is that the metabolic rates of deeper living species lacking image-forming eyes should not be depressed beyond what one would expect from their lower environmental temperature (Childress and Mickel 1985; Childress et al. 1990) .
The response of deeper living species to increased hydrostatic pressure is especially important since the presence or magnitude of such a response could have a major effect on the estimates of in situ metabolic rates of midwater animals at greater depths. The possibility of such metabolic responses to pressure introduces considerable uncertainty into estimates of in situ community metabolic rates that are used in estimating metabolic carbon flux at greater depths (Longhurst et al. 1990) .
We have been engaged in an effort to measure the metabolic rates of representative deepliving gelatinous zooplankters both to evaluate their importance in carbon flux at greater depths and to test the prediction that the metabolic rates of groups lacking image-forming eyes do not decline with increasing depth of occurrence beyond the effect of temperature (Thuesen 1992; Thuesen and Childress 1993) . The effect of temperature on the metabolism of the studied species has not appeared to be unusual. As noted earlier, previous studies on other groups suggest that there would be little effect of pressure on the metabolic rates of species living in the upper 2,000 m of the water. The present study was undertaken to test this assumption for a group of representative gelatinous species.
We selected six gelatinous species which normally live at depths between 500 and 1,500 m off southern California. These species were chosen to include representatives of three major groups of gelatinous zooplankters and to be relatively robust species within these groups. Three of the chosen species are chaetognaths: Eukrohnia fowleri, Pseudosagitta maxima, and Solidosagitta zetesios. Two are hydromedusans: Crossota rufobrunnea and Aegina citrea. Wet Weight (g) Fig. 1 . Metabolic rates of six species of gelatinous zooplankters measured at 5°C and either surface pressure (1 atm = 0.101 MPa-0) or a pressure equivalent to that at 1,000-m depth (100 atm = 10.1 MPa-0). Lines and equations are given only in those cases where the regressions were significant at the 90% or better level. Data at surface pressure were taken from Thuesen (1992) and Thuesen and Childress (1993) . The surface and 1,000-m pressure data sets are compared by ANCOVA in Table 1 ; where the slopes and elevations are not significantly different, this table gives equations combining the data at the two pressures. active narcomedusan living below 800 m and down to at least 1,500 m (Alvariiio 1967;
Thuesen 1992). P. meseres is a flaccid aberrant polychaete found below 500 m and a major biomass component below 1,000 m in this region (McGowan 1960; Thuesen 1992) . Thus, these species have a variety of depth distributions, but all overlap at 1,000 m-the depth corresponding to our experimental pressure. Animals were collected with an openingclosing Tucker trawl with a 1 O-m2 mouth fitted with a 30-liter insulated cod end. This apparatus prevents heat injury to deep-living animals during recovery of the net through warmer upper layers and protects the captured animals from water turbulence during recovery. Collections for the measurements at surface pressure (0.10 1 MPa) were carried out on cruises of the RV New Horizon off Point Conception, California, in late June 1990 and 199 1 and late February 1991 (Thuesen 1992 ; Thuesen and Childress 1993). The collection for measurements at elevated pressure (equivalent to 1,000 m, 10.1 MPa) was carried out on a cruise of the RV Point Sur off Point Conception in September 199 1. Ship speed was held to ~0.9 km h-l to reduce turbulence and abrasion of animals in the net as well as to reduce the number of animals in the cod end, thereby minimizing damage to captured animals. Animals were transferred to 5°C seawater upon recovery, quickly identified to species, and those in the best condition were selected for metabolic rate measurements. Animals with noticeable damage, containing prey in their guts, or with parasites were not used.
Oxygen consumption rates were measured immediately after collection. Animals were transferred to appropriate size glass syringes (5-50 ml) filled with filtered seawater (0.20-pm membrane filter) containing 25 mg liter-l each of streptomycin and penicillin and incubated at 5°C in pressure vessels at a pressure equivalent to 1,000-m depth (10.1 MPa). Control syringes of filtered seawater containing the antibiotic mix and no animals were run simultaneously. Water samples were withdrawn from the incubation syringe through a 3-way valve with a gas-tight syringe and the new incubation volume noted. Before withdrawal of the sample, syringes were turned end-over-end several times to thoroughly mix the water. Oxygen and CO2 content of the water was measured with a gas chromatograph (Childress et al. 1984) . A water sample was analyzed immediately after an animal was placed in a syringe and then the syringe was placed in a pressure vessel and brought to pressure. After a period of 8-l 3 h the pressure was released, the syringe was quickly removed from the vessel, and a water sample was taken. After removal of the animals, the remaining water was periodically left to continue as an additional control to check for bacterial contamination. Background respiration was undetectable at 5°C in these experiments. After completion of experiments, animals were quickly blotted with paper towels and weighed at sea with a motioncompensated shipboard precision balance system (Childress and Mickel 1980) .
Wet mass was used as a measure of size rather than dry weight or protein content because this is the parameter of physiological significance determining constraints on animal locomotion, behavior, etc. The use of other parameters as indicators of size can lead to misinterpretations concerning the biology of the whole animal. The interpretation of different parameters of body size in this regard has been discussed elsewhere (Childress 19773) .
The metabolic rates measured at elevated pressure as well as those previously measured at surface pressure are presented in Fig. 1 . Allometric equations were fitted to the high pressure and surface pressure data sets separately for each species. The equations were fit by linear regression of In-transformed data with the program Statview II version 1.04 (Abacus Concepts, Inc.). Those equations that were significant at least at the 90% level are shown in Fig. 1 . At this level of significance all the species showed a decline in metabolic rate with increasing size for at least one of the data sets. Many of the coefficients showed a large effect of size on metabolic rate.
Analysis of covariance (ANCOVA) was used to test for differences between the high pressure and surface pressure In-transformed data sets. The ANCOVAs were carried out with the program SuperANOVA (Abacus Concepts, Inc.).
For the chaetognaths (E. fowleri, P. maxima, and S. zetesios) and medusans (C. rufobrunnea and A. citrea) there were no significant differences in the slopes or elevations of the two data sets (Table 1 ). The equations describing Table 1 . Results of ANCOVA comparing the metabolic rates of deep-living gelatinous zooplankton at a hydrostatic pressure of 0.101 MPa (Thuesen 1992; Thuesen and Childress 1993) with rates measured at a hydrostatic pressure of 10.1 MPa on a species-by-species basis with In-transformed data. The data are presented in Fig. 1 the combined data sets for each species were highly significant in all cases ( Table 1 ). The slopes of the two data sets for the polychaete (P. meseres) were significantly different (P = 0.012) so the elevations could not be tested. Examination of the data (Fig. l) , however, shows that the worms tested at elevated pressure were of a restricted size range and their metabolic rates bracket those of the surface pressure group. Thus the elevated pressure did not appear to have a consistent effect on the overall metabolic rate of the species. That is, it appears that there is no consistent difference in metabolic rates between the two pressure treatments for any of the six species.
This finding extends to chaetognaths, hydromedusans, and polychaetes the generalization that the metabolic rates of deeper living pelagic species are relatively insensitive to hydrostatic pressure, showing little response to pressures that are close to those normally encountered (Gordon and Belman 198 1) . These data do not show any indication of increased hydrostatic pressure acting to stimulate the metabolic rates to compensate for the decline in temperature with increased depth as has been suggested for a few species (Teal 197 1; George 198 1) . Thus, the suggestion that the metabolic rates of deeper living zooplankton in general may be higher than previously measured at surface pressure (Longhurst et al. 1990) appears unfounded and need not be taken into consideration in estimating in situ community metabolic rates at greater depths.
These findings also suggest that similar biochemical methods of pressure adaptation are used by the groups studied here, as has been previously demonstrated for fishes. That is, key enzymes in deeper living species are altered to reduce the volume changes associated with catalysis, thereby reducing the effect of pressure on enzyme kinetics (Siebenaller and Somero 1989) .
The results of this study further validate the assertion that metabolic rates of midwater animals living in the range of 1,000 m measured at surface pressures can be taken as representative of in situ metabolic rates if measured at appropriate temperatures. This validation adds support to the conclusion that deeper living gelatinous species have higher metabolic rates than one might suspect (Childress and Thuesen 1992) , based on the decline with depth in metabolic rates found in fish and crustaceans, and thus are more important in the carbon economy at greater depths than might be expected. Lead isotopic disequilibria between plankton assemblages and surface waters reflect life cycle strategies of coastal populations within a northeast Pacific upwelling regime 206Pb, 207Pb, 208Pb) were determined for net plankton samples from a northeast Pacific upwelling regime,
